Background: Geographic rates of preventable hospitalization are used internationally as an indicator of accessibility and quality of primary care. Much research has correlated the indicator with the supply of primary care services, yet multiple other factors may influence these admissions.
system performance and, in Australia, are used to guide the allocation of health service resources. 4, 5 Typically, this reporting involves comparing rates of preventable hospitalizations between geographic or health administrative areas, 5, 6 with the underlying rationale that variation in admission rates is related to the accessibility or quality of primary care, based on measures such as the density of the general practitioner (GP) workforce, [7] [8] [9] perceived availability of health services, 10, 11 the presence of community health centers, 12 or having a regular source of care. 13, 14 Health system performance indicators should reflect factors that can be influenced by, and are responsive to, health policy change. 15, 16 Policy interventions to reduce preventable hospitalizations usually address health care systems, such as incentives to increase equity in the distribution of GPs. 17, 18 However, multiple factors influence variation in preventable hospitalization, and interventions can also target clinical and self-management of conditions (such as chronic disease management and telemedicine programs) and primary prevention at population level (such as health promotion campaigns). Accordingly, the valid use and interpretation of preventable hospitalization as a measure of health system performance requires an understanding of the relative contributions of personal and health care factors, 15 particularly because more proximal interventions would be expected to drive change more quickly than those operating through primary prevention.
Most attempts to explore the multiple factors that drive preventable hospitalizations have used an ecological approach, analyzing area-based measures such as disease prevalence, average income, racial composition of the population, or area-level deprivation. 8, 10, [19] [20] [21] Interpretation of such analyses can be limited because they are subject to "ecological fallacy" by inferring risk factors for individuals based on population-level information, while it is not known which members of the population were actually hospitalized. 22, 23 Few studies of preventable hospitalization have collected detailed sociodemographic or health data for individuals, and these have used these data only to construct aggregate area-level variables, 10, 11 or else did not explore the role of personal characteristics in driving geographic variation in admission. [23] [24] [25] Multilevel modelling, a statistical technique that structures data into hierarchies, such as individuals nested within their geographic area of residence, can estimate the relative contributions of factors at each of these levels to the total variation in an outcome. 26 Although multilevel modelling has increasingly been used to explore personal and contextual drivers of preventable hospitalizations, analyses to date have been limited by the use of administrative hospital [27] [28] [29] or US Medicare claims 7 data, which did not include detailed information about individual patients.
This study used multilevel modelling and detailed person-level data from a large-scale cohort study linked to routinely collected health data to investigate the relative contributions of the supply of GP services, relative to the contribution of personal sociodemographic, health and behavioral characteristics, to geographic variation in preventable hospitalizations.
METHODS

Study Population
This observational cohort study used data from the Assessing Preventable Hospitalisation InDicators (APHID) study, details of which have been published elsewhere. 30 Briefly, APHID includes participants from the Sax Institute's 45 and Up Study, 31 a prospective cohort of over 267,000 men and women aged over 45 in New South Wales (NSW), Australia. Study participants were recruited from 2006 to 2009 through Medicare Australia (Australia's national universal health insurer), and joined the study by completing a self-administered questionnaire, including information on demographic characteristics, indicators of socioeconomic status, self-reported health, number, and type of comorbidities and behavioral risk factors. Participants also provided consent for long-term follow-up, including linkage to administrative health data sets.
Self-reported survey data for 45 and Up Study participants were linked with hospital admissions data from the NSW Admitted Patient Data Collection, a census of all hospital separations (discharges, transfers, and deaths) from all NSW public and private sector hospitals and day-procedure centers, and mortality data from the NSW Registry of Births Death and Marriages mortality data file, which contains fact-of-death information on death registrations within Australia. Probabilistic data linkage was performed by the NSW Centre for Health Record Linkage (http://www.cherel. org.au/) using ChoiceMaker software. A manual clerical review on a sample of linkage records found a false-positive linkage rate of 0.3%.
Ethics approval for the 45 
Preventable Hospitalizations
Preventable hospitalizations were identified using the linked Admitted Patient Data Collection hospital admissions data and defined according to the preventable hospitalization indicator in the Australian 2012 National Healthcare Agreement. 32 This indicator is composed of admissions for 21 conditions, broadly categorized as "chronic," "acute," and "vaccine-preventable" (Supplementary Table 1 , Supplemental Digital Content 1, http://links.lww.com/MLR/A897). To assess whether hospitalizations for these conditions differed from other hospitalizations, an additional category of "nonpreventable" hospitalizations was defined as all emergency hospitalizations not included in the preventable hospitalization indicator.
speaking a language other than English at home, marital status, health insurance status, and number of people outside their home they can depend on. Health and behavioral characteristics included body mass index (using self-reported height and weight), self-reported health status, level of functional limitation (using the Medical Outcomes Study physical functioning scale), level of psychological distress (using the K10 Scale), number of comorbidities (heart disease, high blood pressure, stroke, diabetes, blood clot, asthma, Parkinson's disease, and any cancer except skin cancer), and a positive health behavior score 33 calculated as the total number of the following reported behaviors: nonsmoking status, safe level of alcohol consumption (< 14 drinks/wk), at least 2.5 hours of intensity-weighted physical activity per week, and meeting daily dietary guidelines for fruit (2 serves) and vegetable (5 serves) consumption.
Geographic-level Variables
Geographic areas of residence were identified from the 45 and Up Study using Statistical Local Areas (SLAs), one of the smallest geographic units available in the Australian Standard Geographical Classification. 34 SLAs were defined using boundaries from the 2006 Australian Census. The 199 SLAs differ in size and population across the state due to variation in remoteness from urban centers ( Supplementary  Figure 1 , Supplemental Digital Content 1, http://links. lww.com/MLR/A897), with mean population 33,883 (range, 357-138,322). 35 The number of full-time workload equivalent (FWE) GPs within each SLA, measured the effective supply of primary care services. 18, 36 It was estimated using aggregate state-level data from the Department of Health and Ageing 37 and aggregate SLA-level data from the 2011 Social Health Atlas of Australia. 38 FWE GPs were calculated as the number of Medicare claims for GP services for residents of each SLA, divided by the average number of claims per FWE GP in NSW. Population estimates were used to calculate the density of FWE GPs per 10,000 residents of each SLA, and divided into quintiles. A sensitivity analysis treated FWE GPs as population-weighted quintiles, and produced similar results (data not shown).
Statistical Methods
Multilevel Poisson models were used to analyze rates of preventable hospitalization, with individuals as the unit of analysis. Counts of the number of preventable hospitalizations for each individual were taken between the date of study entry and the end of follow-up through the linked hospital data (December 30, 2010), or death, whichever came first. The log of the follow-up time was used as an offset. Individuals were clustered in their geographic area of residence (SLA) using a random intercept parameter, which allowed the baseline risk of admission to vary between these geographic areas. Separate analyses were run for the 3 major categories of preventable admission, and where numbers allowed, the individual conditions. Geographic variation in risk of preventable hospitalization was first quantified using multilevel models adjusted for age and sex (Model 1). The variance (s 2 ) of the random intercept parameter for the SLAs was used to quantify the amount of variation in the risk of admission between geographic areas. 39 Quintiles of the density of FWE GPs were added to the model as an area-level covariate (Model 2). Subsequent models ( Table 1) sequentially added person-level confounders, starting with sociodemographic variables considered to be nonmodifiable and largely outside the scope of health policy action (Model 3), followed by health and behavioral characteristics considered potentially amenable to health interventions targeting populations or individuals (Model 4). Incidence rate ratios and 95% confidence intervals (CIs) were calculated for each of the variables by exponentiating the regression parameters. The amount of geographic variation in admission (from Model 1) which was explained by the variables in each subsequent model (Model n), was calculated as the proportional change in variance (PCV), 39 where PCV = (s 2 (Model 1) À s 2 (Model n) )/s 2 (Model 1) . Missing values were treated as additional categories; incidence rate ratios for these "missing" categories are reported in Supplementary The "X" indicates which sets of variables have been included in the statistical models (reported in Table 3 ). 
RESULTS
Of the N = 267,091 45 and Up Study participants, 1.6% (n = 4336) were excluded because their age or geographic area of residence was unknown, they resided outside of NSW, or had incompatible dates for records in the linked data (eg, death before study entry), leaving n = 262,755 for analysis ( Table 2) Of the study participants, n = 20,009 (7.6%) participants had a preventable hospitalization, with n = 14,525 having 1, n = 3425 having 2, and n = 2059 having 3 or more admissions, giving a total of 30,553 hospitalizations. More participants had preventable hospitalizations for chronic conditions than for acute or vaccine-preventable conditions ( Table 3) , and the mean number of admissions per admitted person was greater for the chronic than for the acute or vaccine-preventable conditions (mean of 1.6, 1.2, and 1.1 admissions/y, respectively).
There was significant variation between areas in the age-adjusted and sex-adjusted rate of preventable hospitalization (s 2 = 0.103, P < 0.001). The amount of variation differed across major categories of conditions (Table 3) , and was greater for admissions for vaccine-preventable (s 2 = 0.328, P = 0.003), than for chronic (s 2 = 0.144, P < 0.001) or acute (s 2 = 0.058, P < 0.001) conditions, although vaccine-preventable conditions had a larger standard error due to the low number of events.
The inclusion of area-level FWE GPs in the model ( Table 3 ) explained little of the area-level variation in preventable hospitalization (PCV = 2.9%), and the rate of preventable hospitalization was not significantly related to arealevel quintiles of FWE GPs in either an age-sex adjusted model, or models further adjusted for personal sociodemographic or health characteristics ( Fig. 1) . Similarly, no clear trend was evident across major categories of preventable hospitalization ( Fig. 1 ) and most individual conditions ( Supplementary Figure 7 , Supplemental Digital Content 1, http://links.lww.com/MLR/A897). There was an inverse association between quintiles of FWE GPs and the rate of hospitalizations for vaccine-preventable conditions (primarily influenza and pneumonia), and a higher rate of hospitalization in the upper quintiles for dental conditions, although CIs for these estimates were wide.
The addition of person-level sociodemographic characteristics to the model (Table 3 ) explained an additional 23.3% of area-level variation in preventable hospitalizations (PCV = 26.2%), whereas a further 13.6% was explained by the addition of person-level health and behavioral characteristics (PCV = 39.8%). Combined, these person-level characteristics explained 36.9% of the area-level variation in preventable hospitalizations, with this proportion being greater for admissions for chronic (37.5%) than for acute (15.5%) or vaccine-preventable (2.4%) conditions. Among individual causes, person-level characteristics explained the greatest area-level variation for chronic obstructive pulmonary disease (COPD) (44.8%), diabetes (25.6%), congestive cardiac failure (24.7%), and angina (22.2%), the 4 most common chronic causes of preventable admissions. However, small numbers of admissions for the less common causes limited the extent to which cause-specific comparisons could be drawn. Most person-level variables in the fully adjusted model were found to be significant predictors of preventable hospitalization (Fig. 2) . Overall, admission rates were highest for participants who were older, had poorer self-reported health, greater functional limitation, greater number of comorbidities, or were Aboriginal or Torres Strait Islander. Admission rates were lower for females, participants who were employed, had higher levels of income, or reported greater numbers of positive health behaviors. Predictors of admission differed slightly between the major categories of preventable hospitalization, with the higher rate of admissions associated with older age and poorer health being most pronounced for chronic conditions, and a slightly different pattern of association for acute admissions among females and participants who speak a language other than English at home. Study participants had 75,421 "nonpreventable" emergency hospitalizations during the corresponding period. There was a significant area-level variation in the rates of "nonpreventable" hospitalization (s 2 = 0.095, P < 0.001), of which 2.1% was explained by the inclusion of FWE GPs in the model, and a further 26.3% by the sociodemographic, health, and behavioral characteristics of the population ( Table 3) . As for preventable hospitalizations, there was no significant association between the rates of "nonpreventable" hospitalization and the area-level quintile of FWE GPs (Fig. 1 ).
DISCUSSION
This study was the first to use detailed person-level data to assess how both the supply of GP services and the composition of the population influences geographic variation in preventable hospitalizations-a key consideration in the valid use of preventable hospitalizations as a health system performance indicator. We found that supply of GP services explained only a small amount (2.9%) of the geographic variation in rates of preventable hospitalization, and that these rates did not vary significantly according to quintiles of GP supply, but that more than one-third (36.9%) of geographic variation in preventable hospitalizations was driven by personal sociodemographic and health characteristics.
The lack of a significant association between the supply of GP services and preventable hospitalizations was unexpected, because much of the literature has demonstrated inverse associations. [7] [8] [9] 40 However, results have been inconsistent, [19] [20] [21] 28 and much of the research has used prac-titioner headcount measures or self-rated access to care rather than more objective measures of effective supply. Most of the existing research was performed in the United States with few studies in Australia. 11 Australia has a higher number of annual physician visits per capita (6.5) than the United States (3.9), United Kingdom (5.0), and Canada (5.5), with a "safety net" scheme to improve access to health care services for low-income groups, and targeted interventions to reduce health disparities for more vulnerable populations. 41 It may be that current strategies to improve access to GPs have been effective, with fewer barriers to accessing care than in countries such as the United States, and the use of primary care services in Australia may be more reflective of the underlying health need of the population. Although previous ecological-level research in Australia found an inverse association between full-time equivalent GPs and preventable hospitalizations, 11 this association disappeared after adjusting for sociodemographic and health characteristics of areas.
This study instead indicated that preventable hospitalizations may be more representative of gradients in health than in health care. 20 Prior research has found that up to half the variation in preventable hospitalization between areas was attributed to factors other than accessibility of primary care, such as sociodemographic, health, or hospital service factors, 11, 15 although interpretation of these findings was limited by the use of aggregate area-level measures of risk exposure, or a small sample size for geographic areas. Many studies have adjusted for sociodemographic or health characteristics, and such adjustment is recommended for the standard reporting of the indicator. 42 This study shows that care should be taken to unpack, not just adjust for, the contribution of these factors, as good performance measures should be both attributable and responsive to policy change, 16 and such adjustment may actually mask the most important drivers of admission.
Few prior studies have detailed person-level data with which to investigate person-level predictors of hospitalization, 23, 24 with much of the evidence coming from aggregate ecological analyses or analyses on specific 45- conditions. 2, 42, 43 Our findings with regard to the demographic characteristics of the population are consistent with the literature, with higher rates of preventable hospitalization among men, older persons, and Aboriginal or Torres Strait Islander people. 23, 43, 44 Similarly, the inverse associations between markers of socioeconomic status-such as income, education, and employment-are consistent with strong associations reported in the literature, as are the higher rates among participants with poorer self-rated health, greater number of comorbidities, and higher levels of functional limitation. 2, 23, 43, 45 Fewer studies have investigated the role of social support, health behaviors, and mental health, and the findings have been less consistent. 33, 43, 45 Although it is well understood that chronic, acute, and vaccine-preventable conditions in the indicator relate to primary care in different ways, 2 only some reporting systems stratify their results accordingly. 3, 6 It is argued there may be insufficient events to analyze conditions separately, 42 and that the use of condition-specific indicators can lead to "tunnel vision" with a concentration of performance efforts around those conditions being monitored. 27 This study found the contribution of various factors to geographic variation in preventable hospitalization varied markedly according to condition, and vaccine-preventable conditions alone appeared to have an inverse association with GP supply. Conversely, the high-volume chronic conditions-diabetes complications, COPD, congestive cardiac failure, and angina-were most strongly driven by the sociodemographic and health characteristics of the population. Our finding that area-level supply of primary care services and person-level sociodemographic factors made similar contributions to geographic variation in "preventable" and "nonpreventable" hospitalizations casts further doubt on the value of the aggregate indicator. Where possible we suggest that it is desirable to separate the indicator according to conditions that present different pathways for intervention.
Our findings do not downplay the potential role of primary care, and the broader health system, in reducing rates of unnecessary hospitalization for chronic conditions. However, they point to the need for further work to identify effective interventions and appropriate performance measures for these. Although social determinants of health may be targeted through long-term primary prevention, the responsiveness of these strategies may be low and influenced by factors outside of the health system. Admissions for chronic conditions may be more amenable to disease management and strategies to improve the quality of care, because multimorbid patients require complex case management, patient adherence to guidelines is often poor, 42 and medication-related hospitalizations for people with chronic disease are common. 46 Quality of care may also be improved by focussing on the primary care system more broadly, not just GP care, such as support of pharmacist and physician assistants for check-ups, diagnoses, and repeat prescriptions. 18 The core strengths of this study include the availability of detailed person-level information with linked hospital admissions data, and the use of multilevel modelling to examine how population composition influences geographic variation in admission. Reliable area-level data that is rep-resentative of the population, such as disease prevalence, can be difficult to obtain, 47 and while a number of studies have had either detailed person-level data, 23, 24 or used multilevel modelling to incorporate individual factors into small-area analyses of preventable admission, 7, 27, 28 this is the first study to our knowledge to incorporate both. This study is also one of the few to present results stratified by both major categories and individual conditions 6, 11, 15, 20, 42 that are included in the indicator. This is especially useful because a number of versions of the indicator have been used over time and in different jurisdictions, 6, 48 hindering direct comparisons between these different aggregate indicators.
A limitation of this study is that participants in the 45 and Up Study are older and potentially healthier than the general population, 31 and given the low participation rate (18%) there may be concerns about generalizability. However, persons aged 45 years and above have the highest rate of preventable admissions per capita, and contribute twothirds of preventable hospitalizations in Australia. 6 As it is a healthier cohort, participants may be more likely to access primary care services. However, internal relative risk estimates from the 45 and Up Study have found to be comparable with those from population health surveys, 49 and the large sample size provides substantial heterogeneity to allow for valid within-cohort comparisons. 50 Another potential limitation of the study was its reliance on the FWE GP measure as a sole measure of GP supply. However, the use of FWE GPs accounted for multiple worksites and differing caseloads of GPs in regional and rural areas, and is theoretically preferable to headcounts as a measure of realized access to primary care services. 18 The study was also unable to account for all potential drivers of admission, such as variations in hospital characteristics, which would require assigning potential pools of patients to their likely hospital(s) of admission. 51 Residual overdispersion in the model may have also resulted in less accurate variance estimates and CIs.
This study has confirmed that personal characteristics are major drivers of preventable hospitalization, and importantly, the contribution of these factors varies according to condition. In the Australian setting at least, variations in GP supply explain little of the geographic variation in rates of preventable hospitalization. Our findings suggest the need for caution in the international adoption of health system performance indicators that have largely been developed and tested within the US health care system. International comparative work using similar individual-level data and multilevel modelling methods will potentially shed light on how the use and interpretation of this performance indicator may vary across countries and according to health system characteristics.
